An activity which released free uracil from dUMP-containing DNA was purified approximately 1,700-fold from extracts of Thermothrix thiopara, the first such activity to be isolated from extremely thermophilic bacteria. The enzyme appeared homogeneous, according to the results of sodium dodecyl sulfatepolyacrylamide gel electrophoresis. It had a native molecular weight of 26,000 and existed as a monomer protein in water solution. The enzyme had an optimal activity at 70°C, between pH 7.5 and 9.0, and in the presence of 0.2% Triton X-100. It had no cofactor requirement and was not inhibited by EDTA, but it was sensitive to N-ethylmaleimide. The purified enzyme did not contain any nuclease that acted on native or depurinated DNA. The Arrhenius activation energy was 76 kJ/mol between 30 and 50°C and 11 kJ/mol between 50 and 70°C. The rate of heat inactivation of the enzyme followed first-order kinetics with a half-life of 2 min at 70°C. Ammonium sulfate and bovine serum albumin protected the enzyme from heat inactivation. One T.
thiopara cell contains enough activity to release about 2 x 108 uracil residues from DNA during one generation time at 70°C.
Uracil residues can arise in DNA by misincorporation of dUTP during DNA synthesis or by spontaneous cytosine deamination (2, 8, 9) . The uracil can be removed from DNA by uracil-DNA glycosylases (UGs) which catalyze uracildeoxyribose bond hydrolysis, liberating free uracil and generating apyrimidinic sites. Such enzymes have been isolated and studied from extracts of a number of bacterial and mammalian cells (for reviews, see references 6 and 7). The rate of cytosine deamination should be increased at high temperature (8) . However, there is only one paper which describes the UG of a thermophile (3). This enzyme, from Bacillus stearothermophilus, was not significantly different from those of the mesophiles except for thermostability and optimum temperature. These differences could be characteristic of an individual or of a species.
The aim of this work was to compare the properties of UG from extremely thermophilic bacteria with those of UGs from other sources and to determine the uracil-excision capacity of UGs of thermophilic bacteria.
MATERIALS AND METHODS
Bacterial strain and growth conditions. Thermothrix thiopara cells were collected from the Stolbovsky hot spring on Kunashir Island (in the Kuril Islands, USSR). These bacteria have been described by Caldwell et al. (1) solid ammonium sulfate was added to the supernatant to obtain 80% saturation. The proteins were collected by centrifugation, suspended in P buffer, and dialyzed against the same buffer. Fraction 2 was applied to a phosphocellulose column (50 ml) equilibrated in P buffer. The UG activity was eluted with a linear gradient (400 ml) of 0.1 to 0.6 M KCl. H20 (100 ml) was added to the active fraction, and phosphocellulose chromatography was performed repeatedly under the same conditions. UG of fraction 3 was passed across a 5-ml column of hydroxyapatite equilibrated in P buffer-0.25 M KCl, and unadsorbed proteins were applied to a 2-ml column of UV-DNA-cellulose equilibrated with the same buffer. The enzyme was eluted with a linear gradient (20 ml) of 0.2 to 0.8 M KCl (fraction 5). A 4-ml sample of the enzyme was loaded onto a previously calibrated 100-ml column (1.2 by 91 cm) of Sephadex G-100 equilibrated with P buffer-0.5 M KCl. The enzyme was eluted with the same buffer and stored with P buffer-0.5 M ammonium sulfate-20% glycerol at -20°C. Purity and size of the enzyme. When the purified UG (fraction 6) was analyzed by discontinuous sodium dodecyl sulfate-polyacrylamide slab gel electrophoresis, one major protein band was observed (Fig. 1) Temperature optimum and heat inactivation. The optimum temperature of the reaction was 70°C. The apparent energy of activation was 76 kJ/mol at 30 to 50°C and 11 kJ/mol at 50 to 70°C. These values were calculated from the initial velocity of the enzyme reaction measured at the indicated temperatures with the Arrhenius equation (Fig. 2) . The thermoinactivation kinetics of the UG under different conditions are shown in Fig. 3 . The half-life of the purified UG was about 2 min at 70°C but was about 30 min in the presence of 0.5 mg of bovine serum albumin per ml or 0.5 M (NH4)2S04-
RESULTS
The main properties of the UG purified from hot-springcollected cells were similar to those described above (Table  2 ) except for its low specific activity (approximately 1.5-fold) and thermostability (approximately twofold).
DISCUSSION
The purified enzyme has some properties similar to those of a number of UGs from different sources; these are Mr, Ki,, independence from cofactors, and inhibition by uracil.
T. thiopara UG differs in its sensitivity to sulfhydrylblocking agents, its requirement for Triton X-100 for maximal activity, and its high turnover number. Also, this enzyme does not show twice as much activity on singlestranded polymers as on double-stranded polymers. Unlike B. stearothermophilus UG, T. thiophara UG is very unstable at its growth temperature. The temperature dependence curve of the reaction rate is biphasic for both enzymes (in the Arrhenius plot). The transition temperature probably reflects a conformational change of these proteins and corresponds to the lowest growth temperature (44°C for B. stearothermophilus and 50°C for T. thiopara). Thus, T. thiopara UG has some properties that distinguish it from UGs described previously.
Our results indicate that one T. thiopara cell contains enough UG activity to release about 107 free uracil residues (about 10-8/nmol) in 1 min at 70°C and about 2 x 108 uracil residues during one generation. According to the rate of cytosine deamination determined by Lindahl and Nyberg (8) , about five uracil residues would be formed in the genome (about 2 x 109 daltons) in 40 min at 70°C. Thus, there is approximately a 108-fold excess of UG relative to the substrate formed by cytosine deamination. This finding is not unusual. A similar excess can be calculated for many cells, including mesophiles (the rate of cytosine deamination at 35°C being approximately 100-fold lower than at 70°C). Such an excess cannot be explained by the rate of misincorporation of dUMP in DNA during synthesis, since it is sufficiently low in normal cells. But the rate at which uracil was incorporated into DNA or was formed from cytosine deamination could have been much higher under the extreme conditions prevailing soon after the origin of life. The other possibility is that UGs have another function in cell metabolism besides DNA repair.
